MgCaGd based alloys are investigated as a potential alloy for degradable biomaterials with some promising results. In this investigation the Mg10CaxGd (x = 5, 10, 20) were investigated with synchrotron radiation X-ray diraction during solidication to follow the phase evolution at two dierent cooling rates at 5 and 50 K min −1 . All three alloys show formation of α-Mg followed by Mg2Ca phase, while only Mg10Ca20Gd alloy contained Mg5Gd phase during solidication. During cooling α-Mg was rst observed between 628 and 632
MgCaGd based alloys are investigated as a potential alloy for degradable biomaterials with some promising results. In this investigation the Mg10CaxGd (x = 5, 10, 20) were investigated with synchrotron radiation X-ray diraction during solidication to follow the phase evolution at two dierent cooling rates at 5 and 50 K min −1 . All three alloys show formation of α-Mg followed by Mg2Ca phase, while only Mg10Ca20Gd alloy contained Mg5Gd phase during solidication. During cooling α-Mg was rst observed between 628 and 632
• C at a cooling rate of 5 K min −1 while this decreased to 620628
• C with the increase in cooling rate to 50 K min −1 . The change in cooling rate from 5 to 50 K min −1 did not change the types of intermetallic phases observed but resulted in suppressing temperatures at which the intermetallic phases were rst detected. Magnesium alloys have attracted signicant interest in the last two decades due to their relatively low density compared with other structural alloys in applications where light weight is of importance. Recently the interest in magnesium alloys extends to include degradable biological implants due to their biocompatibility and degradation in biological environments. MgRE (RE = rare earth) based, especially MgGd based [1] , alloys have shown to form the basis of a class of high strength and creep resistant alloys that have been developed to be used in structural settings where elevated temperature stability is of importance as well as high strength at room temperatures. MgGd [1] and MgGdDy [2] alloys are also studied extensively due to the low degradation rates observed in in vitro investigations for degradable biological implants.
A large amount of RE additions is required for appreciable strengthening increments through either formation of intermetallic particles along the grain boundaries or through formation of a high density of precipitates during isothermal ageing heat treatments. For MgGd alloys a minimum of 10 wt% of Gd is required for appreciable increment in strengths through precipitation hardening [1] . More than 15 wt% Gd is required to form intermetallic particles along the grain boundaries to provide strengthening due to the presence of intermetallic particles in the cast alloys [1] . The high content of Gd required and the prohibitive cost of RE additions results in MgGd alloys not attractive for all but specialist structural * corresponding author; e-mail: Chamini.mendis@hzg.de applications. Thus, there is continued interest in developing alloys that retain the attractive properties of Mg(1020)Gd alloys but with signicantly lower Gd contents. The addition of Zn [3] and Al [4] to the MgGd system has shown to produce a high density of long period stacking ordered (LPSO) phases with relatively lower concentrations of Gd while retaining higher strengths. It has been also shown that the addition of Zn to alloys containing relatively lower concentrations (≈6 wt%) Gd show remarkable increments in precipitation hardening [5] . Similar observations are made with the addition of silver to Mg6Gd alloy [6] .
Ca has been shown to behave in a manner similar to Gd in magnesium alloys with similar modications to the texture of magnesium alloys [7] . However, Ca has a much lower solid solubility in magnesium and forms intermetallic particles along the grain boundaries [8] . The effect of Ca addition to MgGd alloys on the microstructural evolution during casting has not been investigated. Fei et al. [9] investigated a range of alloys using X-ray diraction (XRD) electron probe micro analysis (EPMA) and scanning electron microscopy (SEM) to determine the magnesium rich end of the ternary phase diagram at 400
• C. In this study a ternary phase with a crystal structure and lattice parameters similar to Mg 41 Ce 5 [9] phase, denoted T phase, was detected using XRD and SEM. However, the exact nature of this ternary phase is yet to be elucidated, He et al. [10] investigating the eect of 0.40.6 wt% Ca addition to a Mg10Gd3Y0.4Zr (wt%) found that new cuboidal type precipitates were found at grain boundaries containing Gd, Y and Ca. In Mg3.8Zn2.2Ca (wt%) alloys addition of Gd did not aect the microstructure, especially the solid-state precipitation, during heat treatments, but had a slight inuence on the mechanical properties.
The work to date shows that the addition of Ca to Mg Gd alloys may result in improving mechanical properties and strengthening through modifying intermetallic particles that form during solidication. However, there is a lack of information on changing the ratio between Ca and Gd on the microstructure evolution during solidication. In this contribution we report the ndings from an in situ synchrotron radiation diraction solidication experiment coupled with electron microscopy on the microstructure evolution in MgCaGd alloys. The change in the Ca:Gd ratio and the cooling rates will provide information valuable for the development of phase diagrams as well as contribute to the design of MgCaGd based alloys.
Experimental procedure
Pure Mg (99.99% Hydro Magnesium), was melted in a mild steel crucible and Mg-23Gd master alloy (from State Key Laboratory of Rare Earth Resource Utilization, Changchun Institute of Applied Chemistry, Chinese Academy of Sciences) and pure Ca (99% Alfa Aesar) was added to the melt at 720
• C. The melt was held at about 750
• C for 15 min to incorporate the alloying additions uniformly through the melt and stirred. The alloys were then cast into a hardened steel nger mould held at 350
• C. The chemical composition of the samples was analysed and both the nominal and the actual composition values are listed in Table I . All compositions are in wt%. The metallographic samples were prepared by grinding samples with SiC paper to 2500 grit nish and then polishing in 3 µm diamond suspension and a mixture of 1 µm diamond and OPS suspension. Scanning electron microscopy, in backscattered electron (SEM-BSE) mode, investigations were conducted with a TESCAN SEM equipped with an EDAX energy dispersive X-ray (EDX) spectrometer. The phase evolution expected for each of these alloys and the temperatures at which the expected phases will appear are calculated with Pandat Thermodynamic software and PanMg 8 database using the Scheil solidication model.
The synchrotron radiation diraction experiments during solidication of the alloys were conducted at the PE-TRA III P07 High Energy Materials Science (HEMS) Beamline of Helmholtz Zentrum Geesthacht (HZG) at the Deutsches Elektronen-Synchroton (DESY). The measurements were performed in the chamber of a Bähr 805 dilatometer in Ar ow. The beam energy used in this investigation was set at 100 keV which corresponds to a wavelength of 0.0124 nm. The dilatometer has been modied for in situ synchrotron radiation measurements, there are two windows on the sides covered by Kapton foil, which is transparent for the X-ray beam, and the induction coil opened in the middle so that the beam passes through only the sample and the crucible. During the test the sample was contained in graphite crucibles closed with titanium lids with a type S thermocouple controlling the measurement welded onto the surface of the lid. Samples of the investigated alloys were heated to 750
Results
The Scheil solidication calculations showing calculated transformation temperatures and phases expected and their volume fractions are shown in Table II . The addition of Gd to Mg10Ca alloy changes only the volume fraction of the expected phases, the types of phases observed did not change. The volume fraction of intermetallic phases also increased with Gd content with both Mg 2 Ca contents reaching a maximum at Mg10Ca20Gd alloy where the main phase observed is Mg 2 Ca. Table III . The rst phase to solidify in all alloys was α-Mg followed by Mg 2 Ca. Mg 5 Gd phase was only detected in the Mg10Ca20Gd alloy using HEXRD. The α-Mg started to solidify at 632 ± 5, 625 ± 5, and 627 ± 5
• C for Mg10Ca5Gd, Mg10Ca10Gd, and Mg10Ca20Gd alloys, respectively. The Mg 2 Ca phase was detected at 504 ± 5, 506 ± 5, and 515 ± 5
• C for Mg10Ca5Gd, Mg10Ca10Gd, and Mg10Ca20Gd, respectively, while Mg 5 Gd was detected at 509
• C in Mg10Ca20Gd alloy. The increase in the cooling rate to 50 K min −1 did not change the types of intermetallic particles observed in the HEXRD patterns, Fig. 2 , and the pertinent transformation temperatures for the phases observed are summarised in Table III . However, the temperatures at which various intermetallic phases formed decreased signicantly. The α-Mg was rst detected at 628 ± 5, 620 ± 5, and 620 ± 5
• C for Mg10Ca5Gd, Mg10Ca10Gd, and Mg10Ca20Gd alloys, respectively. The Mg 2 Ca phase was detected at 450 ± 5, 498 ± 5, and 446 ± 5
• C for Mg10Ca5Gd, Mg10Ca10Gd, and Mg10Ca20Gd, respectively, while Mg 5 Gd was detected at 417
• C in Mg10Ca20Gd alloy. The samples used for in situ investigation of solidication were examined with SEM to observe the solidied microstructures at both cooling rates, Fig. 3 . The microstructures of samples solidied at a cooling rate of 5 K min −1 , Fig. 3ac , showed that there is an increase in the amount of intermetallic phases with the increase in Gd concentration. Mg10Ca5Gd, Fig. 3a , and Mg10Ca10Gd, Fig. 3b , show backscattered electron contrast due to only one intermetallic phase whereas in Mg10Ca20Gd alloy 2 phases could be observed, Fig. 3c . The increase in the cooling rate to 50 K min −1 did not show any changes in the contrast due to formation of any new phases, Fig. 3df . However, coarsening of the microstructures, especially the intermetallic particles in the inter-dendritic regions are observed. The Mg10Ca5Gd and Mg10Ca10Gd alloys only contained a single intermetallic phase while the increase in Gd content to 20 wt% shows the presence of two dierent intermetallic phases through the microstructure, Fig. 3f . SEM EDX elemental maps for Mg10Ca10Gd cooled at 50 K min −1 are shown in Fig. 4 as typical of those recorded from intermetallic phases. The elemental maps show that there is Ca and Gd found in the intermetallic phase observed in the microstructure and that there is some Gd distributed through the magnesium matrix. However, there is no evidence of a second intermetallic phase observed along the inter-dendritic regions. The maps recorded from Mg10Ca10Gd alloys at 5 K min −1 and maps recorded from Mg10Ca5Gd alloys at both cooling rates are comparable with the results presented in Fig. 4 . A typical SEM EDX map recorded from Mg10Ca20Gd alloy cooled at 50 K min −1 is shown in Fig. 5 . The elemental maps show clearly the presence of two dierent intermetallic phases. The rst phase is similar to that observed in the Mg10Ca10Gd alloy with some Gd soluble in the Ca rich intermetallic phase. The second intermetallic phase is enriched with Gd but there is some Ca dissolution within this intermetallic phase. At a slower cooling rate of 5 K min −1 microstructure observed for the Mg10Ca20Gd is similar to that presented here.
Discussion
The HEXRD line proles show only the presence of one intermetallic phase in the Mg10Ca5Gd and Mg10Ca10Gd alloys during solidication even though the Scheil solidication calculations predict the presence of two different intermetallic phases, namely Mg 2 Ca and Mg 5 Gd phases. The presence of only one intermetallic phase is also supported by the SEM analysis conducted on the as-solidied samples. There are, however, two intermetallic phases observed in the Mg10Ca20Gd alloys at both cooling rates as predicted with Scheil calculations. The diraction patterns show that the intermetallic phases observed in Mg10Ca20Gd alloy are Mg 2 Ca and Mg 5 Gd phases.
The start of phase transformation temperatures predicted by the Scheil calculations are compared to those measured with HEXRD and generally the temperatures at which α-Mg phase solidies are higher from the HEXRD measurement as compared with the values predicted by Scheil calculations, Table II and Table III. The temperature predicted by Scheil calculations for the α-Mg phase was 6080
• C lower than that measured with HEXRD for a cooling rate of 5 K min −1 . However, the formation temperature for the Mg 2 Ca phase occurs in the temperature range 515504
• C which is comparable with the predicted formation temperature for Mg 2 Ca phase at 513510
• C for the alloys investigated at a cooling rate of 5 K min −1 . The formation temperature of 504
• C observed for Mg 5 Gd in Mg10Ca20Gd alloy was comparable with that predicted for Mg 5 Gd with the Scheil calculations at 509
The increase in the cooling rate to 50 K min −1 did not suppress the temperature at which α-Mg phase was rst observed, but the temperature at which Mg 2 Ca formed was supressed to ≈450
• C for Mg10Ca5Gd and Mg10Ca20Gd alloys but the suppression was not significant for Mg10Ca10Gd alloy at ≈498
• C, Table III . This is a suppression of ≈50 and is ≈90
• C suppression from that predicted with Scheil calculations.
The ternary phase diagram of the MgCaGd system is yet to be fully evaluated and some preliminary work was conducted by Fei et al. at 400
• C [9] on the Mg rich end of the phase diagram. In the current investigation the ternary phase reported by Fei et al. in their investigations was not observed. Additionally Mg 3 Gd phase observed by Ding et al. [12] during their investigations of Mg1CaxGd alloys (x = 1−3 wt%) was not observed in the current investigation. The Scheil calculations used for the current investigation were predicted by the extension of the three binary systems into the ternary phase eld. Thus accurate measurements on the ternary solubilities and the extensions of phases due to solubility of Gd and Mg 2 Ca and Ca and Mg 5 Gd phases cannot be accurately predicted. Based on the current solidication studies it is envisaged that the Mg 2 Ca phase has a larger solubility of Gd and extends into the ternary phase eld more than the Mg 5 Gd phase. It is not clear whether this extension is caused by the solubility dierences between the two alloying additions in Mg. Gd has a wide solubility range with maximum solid solubility close to 23 wt%Gd [8] while Ca only has a maximum solid-solubility of 1.34 wt% in Mg [8] . The content of Gd in the alloys investigated is below the solubility limit of Gd and thus in case of 5 and 10Gd containing alloys the majority of Gd remains in solution both in Mg 2 Ca intermetallic and the α-Mg matrix. However, there is a super-saturation of Gd in Mg10Ca20Gd alloy which causes Mg 5 Gd phase to form.
Conclusions
In situ investigation of solidication of Mg10CaxGd (x = 5, 10, 20) showed that the change in cooling rate from 5 to 50 K min −1 did not result in changes of the type of intermetallic phases given the composition of the alloy. When the Gd content was less that 20 wt% only one intermetallic phase was observed and it was found to be Mg 2 Ca phase. In Mg10Ca20Gd alloy, Mg 5 Gd phase was observed in addition to the Mg 2 Ca phase. The transformation start temperature for α-Mg phase predicted via the Scheil solidication calculations was lower than that observed during solidication while the transformation temperature for Mg 2 Ca and Mg 5 Gd phases observed with a cooling rate of 5 K min −1 was similar to those predicted by the Scheil calculations. However, the increase in the cooling rate to 50 K min −1 resulted in transformation start temperatures for observing Mg 2 Ca and Mg 5 Gd phases to lower temperatures than those predicted by the Scheil calculations.
